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HYPOTHESIS
ANENCEPHALY AND SPINA BIFIDA ARE USUALLY

PREVENTABLE BY AVOIDANCE OF A SPECIFIC BUT UNIDENTIFIED
SUBSTANCE PRESENT IN CERTAIN POTATO TUBERS

J. H. RENWICK
Department of Public Health, London School of Hygiene and Tropical Medicine

INTRODUCTION
Occupational class, geography, sex, maternal age,

year, and season of the year are some of the epide-
miological factors that are known to affect inci-
dence rates of anencephaly and spina bifida cystica.
There is great similarity between the epidemiolo-
gical associations established for anencephaly
and those established for spina bifida cystica and
there is mutual predisposition to occurrence of the
other within sibships (Record and McKeown,
1950a). It would probably be generally agreed that
the two abnormalities would be likely also to respond
about equally to most manipulations of the environ-
ment for the purpose of prevention. To simplify
the presentation of an hypothesis, these known
similarities and expected similarities are exaggerated
in most of what follows to the point of pretended
identity between the two conditions. This false
entity is denoted by the initials ASB. Anencephaly
is almost as frequent as spina bifida among total
births (live and still). When an incidence rate is
available for only one, an approximately equivalent
rate of ASB per thousand total births is obtained
by doubling it and is used here.
A remarkable pattern of ASB epidemiology is

emerging. The pattern appears to have sufficient
richness of shape and detail to allow an assessment
of many of the aetiological hypotheses that have
been conceived and to make most of them implaus-
ible.
The process whereby we light upon a tenable

hypothesis that is compatible with a detailed epi-
demiological pattern is an elaborately complex one
of trial and error embellished here and there with
small patches of deductive reasoning. It is usually
quite impracticable to present a fair summary of
the steps involved in the process, which is to a
considerable extent a partly subconscious one of
fitting. I shall therefore choose the most promising
group of hypotheses and try only to show that the
group is worth testing. I shall SQ make the perhaps

hasty assumption that the cotton-eared marmoset
(Callithrix jacchus), whose response to the terato-
genic influence of thalidomide closely simulates
that of man (Poswillo, 1972), and which has also a
remarkably similar timing of early embryogenesis,
will sometimes manifest ASB when exposed to
conditions similar to those that produce ASB in
man, whatever those conditions may be. If this
assumption turns out to be false, work might be
undertaken in marmosets that might prove fruitless,
but if it is true a complete resolution should soon
be possible to the most fascinating and at the same
time most serious conundrum of applied develop-
mental pathology. Anencephaly has occurred spon-
taneously in Macaca fascicularis (Price and Gilles,
1971), Macaca arctoides (Christie, 1969), and in
other primates (Schultz, 1956). The teratogenic
insult must occur before the fourth week of gestation
since anencephaly and spina bifida were both found
in one human embryo of only 2-1 mm length (Mall,
1917). Giroud (1960) reviews the teratology of
anencephaly. The marmoset's suitability (Poswillo,
1972) depends on the above-mentioned similarity
to man of its early embryological development, and
on its response to radiation and chemical teratogenic
agents. It presents a degree of financial feasibility
not offered by many other primates: the space
requirement, for example, is only one eighth of that
of, say, a Rhesus monkey.

HYPOTHESES
The greater incidence of anencephaly among

winter births, noted by McKeown and Record
(1951), suggested that the risk of the malformation
was higher for infants conceived in the spring and
summer than for those conceived in the autumn
and winter. Record (1961) showed that in Scotland
the risk of teratogenesis was maximal from March to
July and followed a pattern closely resembling that
for the number ofhours ofdaylight. Leck and Repord
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(1966) suggested that this was more in accord with a
dietary explanation than an infective one, and later
(unpublished) suggested that the responsible food
could be the potato which might become teratogenic
as it aged, particularly if exposed to light. Glyco-
sides of the steroid solanidine (i.e., the solanines
and chaconines) develop in and under the skin of
the potato tuber on storage (Gull and Isenberg,
1960) and on exposure to ultraviolet light. These
substances have fungicidal and nematocidal proper-
ties but their teratogenicity has not yet been estab-
lished.

I have recently learned that Dr. A. J. P. Martin
(unpublished) conceived of the potato's being
responsible. He found one of its pathogens, Synchy-
trium endobioticum, the fungus responsible for potato
wart disease, to have a geographical distribution
similar to that of ASB. This correlation, he appre-
ciated, must be indirect because wart disease has
been brought under control without the appearance
of a correlated control of ASB incidence. Further,
wart was not known in theUK until 1896. A regional
factor, perhaps climatic, was therefore believed to
be operating that favoured the wart fungus and
also affected the potato in such a way as to render
it a hazard to human fetuses.
A number of recent publications can be used to

support a role for antibiotic compounds in potatoes.
Yet a good case can also be made for the involve-
ment of fungi, in that ASB and potato blight fungus
Phytophthora infestans seem to affect the same areas
of the world and to a concordant degree. This
correlation has not been noted before. Perhaps the
apparent conflict between these hypotheses can be
resolved by the hypothesis that it is some antifungal
product of the potato that induces ASB and that
its concentration is correlated with the severity of
the attack of the blight fungus. Thus the tendency
for bad blight areas to be bad ASB areas perhaps
reflects the fact that the potatoes that survive to be
handled and eaten in such areas are those that
genetically or otherwise have a high level of anti-
fungal compounds-compounds of which at least
one happens to be teratogenic in man. This is the
general form of the hypothesis. The precise chemical
is not yet known nor its route of entry. Though it is
not the one actually favoured, the percutaneous
route of entry during potato peeling is chosen in
discussing the goodness of fit to a variety of epide-
miological data, and other routes are largely left
to a final section of the paper. But first it will be
helpful to refer to some relevant features of plant
physiology and pathology that may impinge on the
argument. For these aspects, the books of Cox and
Large (1960) and Burton (1966) are of great value,

PATHOLOGICAL AND CHMCAL CHANGES IN THE
POTATO

PHYTOPHTHORA INFESTANS
The pathogenic races of the blight fungus Phyto-

phthora infestans seem to have evolved in Mexico
but apparently did not survive the long sea voyage
in sailing ships across the Atlantic. They first
reached Ireland, presumably by a steamship, in
about 1840 (and led to the disastrous famines of
1845-50). They reached North America at about the
same time. In the present century, the substitution
of more resistant varieties of the potato (including
some with higher total-solanidine content) and the
introductions of haulm destruction and early lifting
before the blight reaches the tubers have kept its
ravages at bay. Other methods of control, including
spraying with fungicides, have also played an
important part. The fungus is, however, now present
wherever the potato is grown, practically throughout
the world. Madagascar may be an exception, at
least as recently as 1960. In many parts, a blight year
is customarily distinguished from other years merely
by the date at which it would be expected that 75%
of the haulms would be dead if left alone. Another
criterion, less used but more appropriate in the
present context, is the proportion of tubers damaged
by blight.

Partial resistance to certain strains of the fungus is
a property of some varieties of potato, and the
genetic basis has been well studied. Resistance of
the haulm is often similar to that of the tuber but
there are many exceptions. Hot or cold or dry condi-
tions will arrest sporulation (which takes place on
the haulm of the potato plant) and thereby arrest
the rapid spread of the fungus.

In suitable weather, spores washed down through
the soil germinate, and the tuber is invaded, usually
in the eye region. Spread ofthe mycelium throughout
the tuber is often rapid but some tubers are able to
halt the infection, particularly at low temperatures.
The rotting process is sometimes greatly accelerated
by any secondary bacterial infection that occurs.
Surprisingly, in storage the spread of the mycelium
from tuber to tuber is reputed to be at most an
uncommon event. At the end of winter, although
only a small proportion of the surviving tubers is
recognizably infected with the fungus, that propor-
tion will generally be greater in a bad blight season.
The toxic coumarins that are known to be syn-

thesized by the fungus itself, even when grown on
minimal medium (Austin and Clarke, 1966), may
or may not be teratogenic. The same compounds-
coumarin, scopoletin, aesculetin, and umbelliferone
-are, interestingly, synthesized in small quantities
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also by the uninfected potato tuber itself. An argu-
ment against their being causative in ASB derives
from the low and steady infant mortality recorded
for spina bifida in the United Kingdom in 1848
(Rogers and Morris, 1971) when the blight fungus
was still ravaging crops in Ireland and the rest of
the British Isles. No doubt there is considerable
underreporting in these data but this ought not to
have obscured totally a decline in mortality from
spina bifida in 1852 after the blight epidemic had
passed. This argument militates against any direct
role of the blight fungus or its own metabolites
in causing ASB. It will later be seen, however,
that blight has a powerful indirect influence on the
incidence of ASB in the presence of certain varieties
of potato, introduced in the present century. In
some parts of the the world the role of other fungi
may need to be remembered, such as Alternaria
solani (early-blight) in South Africa. And, at certain
times, the potato-wart fungus may have been in-
volved, as Dr. Martin suspected.

ANioTIOTc PRODUCTS OF THE POTATO
SOLANIDiNE This steroid alkaloid, C27H43NO,

toxic to fungi (Allen and Kuc, 1968; Allen, 1970)
nematodes (Allen and Feldmesser, 1971), and man
(Bomer and Mattis, 1924; Willimott, 1933; Siro-
tina and Spirina, 1948; Wilson, 1959), is present in
the potato largely as a range of glycosides, the
solanines and chaconines. Schreiber (1968) gives a
valuable review of the chemistry of the whole group
of nitrogenous steroid alkaloids of the potato and
related species.

CH3
oc-SOLANINE CH

CH~~~~~H

GLUCOSE - GALACTOSE_- 0
RHAMNOSE

The total solanidine level is high in the skin and
low in the pith of the tuber. This probably accounts
for the fact that it is higher in small than in large
tubers (Lepper, 1949). Light, particularly in the
ultraviolet range of wave lengths, increases the
level but only in the tuber skin and in the tissues
immediately beneath it (Liliemark and Widoff,
1960, and earlier authors). Injury also increases it
(McKee, 1955; Gull and Isenberg, 1960). Time in
storage is associated with a rise in the level (Gull
and Isenberg, 1960), despite earlier claims to the
contrary, and this may be exacerbated by injury.
There are varietal differences in the level, Lepper

(1949), for example, reports high values in, among
others, the Ackersegen variety, one of those known
to have good field resistance to blight (Cox and
Large, 1960). Majestic is another example of a
variety with high total solanidine levels (Liljemark
and Widoff, 1960) and a considerable resistance to
blight of the tubers (Davidson, 1937). In North
America, a recently introduced variety, Lenape-
B5141/6, which has considerable blight resistance,
had to be withdrawn because of a high, indeed toxic,
level of total solanidine in some stored tubers
(Zitnak and Johnston, 1970).
The above facts taken in conjunction make it

reasonable to deduce that solanidine glycosides
play a part in resistance to blight. If this is so, then
the definite tendency for blight-resistant varieties
of potato to be favoured in bad blight areas would
produce a secondary (though perhaps only weak)
correlation in a geographical framework between the
local severity of blight and the local levels of total
solanidine in the potatoes surviving to be eaten.
The correlation might be reinforced by early lifting
in bad blight areas, resulting not only in smaller
tubers with higher total solanidine concentration
(Lepper, 1949) but also in a prolongation of the
duration of winter storage of the tubers with conse-
quent accumulation of glycosides.

In an earlier draft of this paper, the epidemi-
ological data led to the conjecture that the blight
fungus could induce steroid glycosides in some
varieties of potato but not in others. (See sections
on geographical distribution and secular trends.)

Since then, an important paper by Locci and
Kuc (1967) has been brought to my notice by Dr.
R. Riley and this establishes the conjecture-induc-
tion of a range of steroid alkaloids and perhaps other
compounds in the Kennebec variety of potato when
infected with an incompatible strain of Phytoph-
thora infestans. No increase occurs in the blight-
sensitive variety Russet Burbank (compatible).
It is believed that the R1 (hypersensitivity) blight-
resistance allele that is present in Kennebec and
some other varieties but not in Russet Burbank
may be responsible.

This inducibility of steroid alkaloids implies that
the severity of blight in an area would partly deter-
mine the total solanidine levels of certain varieties
of potatoes grown in that area. (Lepper, 1949,
in fact found big differences in total solanidine
levels in tubers from a single variety grown in
different regions of Germany. Some of these differ-
ences could be due to natural exposure to Phyto-
phthora and other fungi.) The conjecture of a tera-
togenic role for a steroid alkaloid, originally ad-
vanced to account for the blight-ASB correlation
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in geographical and year-to-year distribution, thus
gains considerably in plausibility. Certainly, there
are other steroids that are known to be teratogenic
(e.g., Fraser, Fainstat, and Kalter, 1953; Keeler,
1971).

Nishie, Gumbmann, and Keyl (1971) found a-
solanine to be highly lethal to chick embryos. Some
abnormalities were produced but teratogenicity was
not established clearly. No report of teratogenic
studies in mammals has come to light except that of
Kline, von Elbe, Dahle, and Kupchan (1961) who
fed 'solanine' (Aldrich) to pregnant rats. Intra-
uterine deaths were produced but no abnormalities
of the fetuses were recorded. If none actually
occurred, this could be because the special diets
were administered only after pregnancy had been
diagnosed by an increase in weight. This may have
been after the end ofthe conjectured sensitive period.
A large part of what little is known about the

metabolic fate, pharmacology, and toxicology of
these glycosides has been contributed by Nishie
et al. (1971) who also review a part of the literature.
A few points need mention here. Only 1% or so of
an oral dose is absorbed as such. Most of the in-
gested molecules are at least partially hydrolysed
in the gut, and the resulting products, including
solanidine, are largely excreted in the faeces and
urine. Nishie et al. found that, contrary to earlier
suggestions, solanines are much more toxic than
solanidine. Cardiotonic effects (simulating those of
K-strophanthoside) and, more strikingly, depression
of the central nervous system lead to death. For
man, an oral dose of 3 mg/kg produces neurological
symptoms (Rilh, 1961). There is great variation in
toxicity between mammalian species, and some of
this presumably reflects the variation in the gut
flora.

Since hydrolysis in the gut, by the microbial flora
or otherwise, is so important in determining the
blood level, any glycoside of such a structure that
it escaped hydrolysis could potentially be absorbed
unchanged and thus reach a critical concentration
in the blood. The teratogen we are seeking for the
oral route need not, therefore, be one of the most
abundant glycosides in the potato. Indeed, since
very low concentrations of a teratogen have some-
times produced congenital abnormality, quantita-
tive factors alone are unlikely to discriminate
between alternative routes or between alternative
compounds as the teratogenic agent.

RxsrI AND PHYrUBERuN These antifungal
compounds, found only in traces in uninfected
tubers, are synthesized by certain varieties in res-
ponse to infection by certain strains of Phytophthora

infestans (Tomiyama et al., 1968; Varns, Kud, and
Williams, 1971). They thus belong to the class of
phytoalexins. Both are terpenoids, rishitin having
the empirical formula C14H202 (Katsui et al.,
1968) and phytuberin the formula C17H2604 (Vans
et al., 1971). Sato, Tomiyama, Katsui, and Masa-
mune (1968) made the important observation that
tubers would accumulate rishitin when dipped into
a homogenate of the fungus, even though this was
cell-free. This fact raises the possibility that tubers
that are stored next to blighted tubers might produce
this and other compounds (including some steroid
alkaloids) while remaining uninfected themselves.
There are, so far, insufficient data to indicate which

group of compounds is most likely to include the
actual teratogen. Indeed, like cyclopamine from
Veratrum californicum that produces the cyclops
single-eye malformation of lambs (Keeler, 1969,
1971), the teratogen from potato may not be a pre-
viously known compound. (It is not yet known
whether cyclopamine, now identified as the steroid
alkaloid, 11-deoxojervine, is also responsible for
the cyclops abnormality in man [Ingalls and Kling-
berg, 1965; Nishimura et al., 1966].) Dr. D. D.
Clarke (1972 unpublished) has recently isolated
several cinnamic acid derivatives that the potato
synthesizes in response to Phytophthora infection.
Again, little is yet known of their teratogenicity.

EPIDEMOLOGICAL EVIDENCE
GEOGRAPHICAL DIsTRBUTION
There is a striking correlation over a range of

geographical areas between the ASB incidence and
the average severity of the blight and this is clearly
greater than the correlation of ASB with potato
acreage itself, as may be seen from Figures 1 to 7.
For example, potatoes are grown in Idaho, U.S.A.,
in considerable quantities but because the low
atmospheric humidity is unsuitable for sporulation
and hence for spread of the fungus, the blight is a
minor problem (Figs. 2 and 3; Cox and Large,
1960): so is ASB (Alter, 1962; Hewitt, 1963; 1965).
In the wetter and more temperate states of New
England, the blight is a more serious problem and
so is ASB (Fig. 4). In southern Canada also, there
is the same cline in blight and ASB incidence de-
clining from east to west (Table I). The Province
of Quebec is an outlier from the cline in having an
excessive level of ASB (3'4 per 1,000,4otal births-
Horowitz and McDonald, 1969). Cox and Large
(1960, pp. 148, 150) state that the blight control
programme was inadequate in many parts ofQuebec
and tuber damage often severe; so the correlation
between ASB and blight appears to be upheld.
Moreover, within Alberta, the ASB incidence is
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FIG. 1. World distribution of cultivation of potatoes, each dot denoting about 25,000 acres. Reproduced from Cox and Large
(1960) with modification.

FIG. 2. Distribution of cultivation of potatoes in the United States, 1953. Reproduced from Cox and Large (1960).
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FIG. 3. Percentage losses of potato crop from blight in the United States, 1920-29: t denotes trivial loss. After Barrus, Boyd, and Wood
(1931).

FIG. 4. Mortality of white infants attributcd to spina bifida and meningocele in eacih state of the United States, 1950-'9. There is an

evident correlation over the states between this mortality and the sevcrity uf potato blight as dcpicted in Fig. 3. Rcprodi-ced fro.nIHewitt (1963).
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TABLE I
MORTALITY DUE TO SPINA BIFIDA AND ESTIMATED
INCIDENCE OF ASB IN CANADA (AFTER HEWITr, 1965)

Mortality Equivalent
from Spina ASB Incidence
Bifida per (approx.) per
10,000 Live 10,000 Total

Births Births*

Newfoundland and maritimes 9-8 24 5
Quebec (also Horowitz and
McDonald, 1969) 11-7 29-3

Ontario 8-0 20 0
Manitoba (also Choi and Peters,

1969) 6-9 17*3
Saskatchewan 5 3 13-3
Alberta (also le Vann, 1963) 4-6 12 5
British Columbia 4-1 10 3

*Calculated by adding 25% to the spina bifida mortality to take
account of stillbirths and doubling the result (see Introduction).

even lower in the south of the Province (le Vann,
1963), where the low humidity is unfavourable to
blight, than in the north which has a higher rainfall
and some blight (Cox and Large, 1960).

Ireland's mild and wet weather is highly suitable
for the blight fungus, and Ireland also has the
world's record for ASB (Penrose, 1957). The inci-
dence in Belfast and Dublin averages nearly 1%
of all births (Stevenson and Warnock, 1959;
Elwood, 1970a); that in Cork is about 0 5% (Spell-
man, 1969). The potato acreage in England and
Wales is illustrated in Figure 5. The wet western

5.R

.

FiG. 5. Distribution of cultivation of maincrop potatoes in England
and Wales, each dot denoting 1,000 acres. Reproduced from Cox
and Large (1960).

Fio. 6. Severity of blight in England and Wales, according to the
date at which the 75% blight stage was reached on unsprayed maln
crop potatoes in 1952, a fairly typical year. Reproduced from Cox
and Large (1960).

1-5 -1-9 S.West

2 -24

30 and over

FIG. 7. Incidence (per 1,000 total births) of anencephalic births,
(live and still) by region, 1965-67. There is believed to be some under-
reporting in the western parts of the Irish Republic. In this period,
as in most periods, blight was more severe in the west, as in Fig. 6,
for example. Reproduced from Elwood (1970b).
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TABLE II
POTATO CONSUMPTION, PREVALENCE OF BLIGHT, AND

INCIDENCE OF ASB ACCORDING TO REGION

1 2 3 4
Geographical Per Capita Anenceph- uivalent

Area Consump- Crude alic Births IB Births
tion of Blight per 1,000 per 1,000
Potatoes Score Total Total
(kg/wk) Births Births

England:
Northern 2 24 + 2-1 4-2
Yorkshire 199 + 18 3-6
North-western 2-01 + + 2 5 5-0
EastMidland 1.90 + + 2-0 4 0
West Midland 2-07 + + 1-8 3-6
East Anglia 1-73 + 1-3 2-6
South-eastern 1-78 + 1*3 2-6
South-western 1-97 +++ 1-8 3-6

Wales 2-38 + + + 2-9 58
Scotland:
Northern 1-87 + 2-1 4-2
Southern 1-87 + + 2-9 5-8

NorthernIreland 3 49 +++ 3-6 7-2
Irish Republic:

Leinster 3 65 +++ 3-0 6-0
Munster 3-65 +++ 2-0 4'0
Connacht 3-65 +++ 1 6 3-2
Ulster (part of) 3 65 +++ 1.1 2-2

Consumption of potatoes per head in the U.K., 1967 (Ministry of
Agriculture, Fisheries and Food, 1969) modified to be consistent with
"Food moving into consumption" data used in Figure 11. Consump-
tion within Scotland and within the Irish Republic has been arbi-
trarily taken to be uniform within each country. Consumption data
for Northern Ireland and the Irish Republic are equivalent to those
given by Cox and Large (1960). The score of average severity of
blight attack, also based on their data, is given by region in column
2 and the population anencephaly incidence for 1965-67 is given by
region in column 3, from data of Elwood (1970b). The equivalent
ASB incidence is given in column 4.

regions are suitable for the fungus (Fig. 6) and they
have high ASB rates (Fig. 7; Table II) (Laurence,
Carter, and David, 1968; Elwood, 1970b). A belt of
both blight and ASB extends eastwards across the
whole of Europe at the latitude of Ireland. Both
tend to decline eastwards into Russia at the eastern
end of the belt (Cox and Large, 1960 (e.g., Fig.
56); Penrose, 1957). This belt also corresponds to
the area of the world in which potato growing is
most intensive (Fig. 1). In Norway, the peak infant
mortality rate (0-3 years) for spina bifida among
liveborn infants occurs in the county of Vest-Agder
at the southernmost tip (Westlund, 1969), where the
severity of blight is maximal. Unfortunately,
Westlund's anencephaly data cannot be used to
reinforce this as they concern only those births
registered as live and it is well known that, for anen-
cephaly, the classification as live or stillborn is
somewhat arbitrary. In northern Norway, but not
in other parts, most anencephalics appear to be
registered as liveborn and this gives a spurious
excess of mortality from this cause in the north.
For France, most of the regional data are based

on questionnaires (Frezal, Kelley, Guillemot, and
Lamy, 1964). There is internal evidence of incom-
plete and varying reporting and no simple pattern
of incidence emerges. In Brittany, even in bad blight

years (which are the majority), tuber infection is
slight. The popular variety there is Bintje which is
very blight-sensitive, and infected tubers are, there-
fore, rather unlikely to survive to be eaten. The
low ASB incidences, 1-0 per thousand births, are
therefore reconcilable with the hypothesis. The
highest ASB incidence is in the Pas de Calais, ano-
ther blight area. Here the presence of a proportion
of the high-solanine, blight-resistant variety, called
Ackersegen, probably accounts for this. The lowest
ASB incidences are in the areas of Lyon and the
upper Rhine (0-4-0-6 per 1,000 births) where the
blight is least troublesome.
ASB data are available also for Czechoslovakia,

Denmark, Finland, Germany, Holland, Italy,
Jugoslavia, Spain, Sweden, Switzerland, and other
parts of Europe (Book and Rayner, 1950; Book and
Fraccaro, 1956; Penrose, 1957; Beolchini and
Bailo, 1965; Ku&ra, 1965; Kallen and Winberg,
1968; Canzler, Funk and Schlegel, 1969; Czeizel and
Rev6sz, 1970; Kuypers and Huisjes, 1971). They
are not always easy to interpret but incidences
appear to follow the pattern indicated by Penrose
(1957), who was the first to emphasize the value of
studying the regional differences. Blight severity is as
yet rather difficult to compare from country to
country but, roughly, the distribution of its severity
in Europe follows that for potato acreage (Fig. 1)
except that upon it is superimposed a west-to-east
decline in severity. It comes, in fact, to resemble
rather closely the distribution of ASB incidence.
Some potatoes are grown in the Nile delta and it

may be relevant that Stevenson, Johnston, Stewart,
and Golding (1966) have quoted a moderate inci-
dence of ASB (5 4 per 1,000) in hospital births in
Alexandria. Further, Damyanov and Dutz (1971)
report a figure of 3-2 per 1,000 hospital births in
Shiraz, Iran; and Abou-Daoud (1966) reports 6
per 1,000 hospital births in Beirut, Lebanon.
Potato blight is also present in all three countries
(map 109 of Commonwealth Mycological Institute,
1969) and also, to some extent, in the northern
part of Israel, from which country low ASB inci-
dences are reported by Halevi (1967) and Naggan
(1971).
The blight fungus reached India in the 1880s

and the potato crop is often severely damaged,
particularly in northern parts of the subcontinent
(although in some other parts the climate is too hot
or too dry for the fungus to flourish). ASB is not
rare in the north; for example, Stevenson et al.
(1966) quote figures of 4-8 per 1,000 total births
(stillborn and liveborn) in Amritsar Hospital. It
would be unwise, however, to comment further on
the correlation between blight and ASB in the
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Indian subcontinent (where the potato is rather a
luxury) without considerably more data on each.
Kolah, Master, and Sanghvi (1967) give ASB data
for Bombay.

Penrose (1957), Green (1964), and Stevenson
et al. (1966) quote low figures for ASB (usually less
than 1 per 1,000 births in hospital) for peoples of
African origin. These low incidences, which apply
also in much of the far east, including Hong Kong,
Fiji, Manila, and Taiwan (Wei and Chen, 1965),
are here taken to represent a background incidence
of unknown origin against which the 'potato
effect' is set off. The incidence in Melbourne
(Collmann and Stoller, 1962) and in Sydney (Jones,
1967), to judge from hospital populations, is slightly
higher (1 -2 and 1-5 per 1,000 hospital births). The
cultivation of the potato in the areas surrounding
Melbourne is indeed extensive. The weather is
variable but only occasionally leads to blight.
Potato consumption is relatively small (about 1 kg
per head per week).

In the Auckland area of the northernmost part
of New Zealand, the ASB incidence is about 4 per
1,000 total births in hospital (Howie and Phillips,
1970). This is roughly comparable with that in
Birmingham, UK. Blight is severe, largely because
of the carry-over of infection from one crop to the
next that is permitted by the practice of year-round
cultivation. The incidence ofASB would presumably
be higher but for the relatively low per capita
consumption of potatoes (0 9 kg/week) compared
with about double that figure for England.

In the south of Japan, few potatoes are grown or
eaten and the incidence of ASB (0-8 per 1,000 total
births) is low (Neel, 1958; Nishimura et al., 1966).
In the northern half of the country, the potato is
widely grown and contributes to the diet but,
unfortunately, no published estimates of ASB
incidence for the north are readily available.
Few suitable data are available from South

America. Chile is of particular interest because blight
did not reach the island of Chiloe and thence the
mainland until 1949. There was a severe epidemic
in 1951. The Ackersegen and Voran varieties of
potato, which have moderately high solanine content
(respectively 10 and 9 mg /100 g: see Lepper, 1949)
and blight resistance (Cox and Large, 1960), have
since then been replacing the sensitive Corahila
variety previously preponderant in Chile. Cruz-Coke
(1970 and unpublished) has pointed out a doubling
in recent years in the frequency of anencephaly.

In Colombia, potatoes that are grown at a high
altitude are relatively free of blight. The malforma-
tion data of Stevenson et al. (1966) suggest that
ASB incidence is low in the hospitals in Bogota

and Medellin (0-3 and 0 5 per 1,000 hospital births),
but Book and Fraccaro (1956) quote a much higher
figure for Colombia as a whole (4-8 per 1,000).

Blight occurs in the large potato crop of southern
Brazil but details are not yet available. The incidence
of ASB (1.9 per 1,000 hospital livebirths and still-
births) may be rather less than in south-east England
(Stevenson et al., 1966).
The world-wide distributions of blight and ASB

are thus compatible with at least an indirect role for
the blight fungus in the induction of ASB.

OCCUPATIONAL CLASS
The striking excess of ASB in the lower paid

occupational classes that was demonstrated by
Anderson, Baird, and Thomson (1958) and Edwards
(1958) has been confirmed in most other studies in
the British Isles and most recently by Fedrick
(1970a). Even before 1958, a correlation of ASB
with low serum protein and with low haemoglobin
concentration in the mother was found by Coffey
and Jessop (1957). It presumably reflects the same
type of influence.
On the hypothesis of a percutaneous route of

entry for the teratogen, the least privileged occupa-
tional groups (V) have, by comparison with the most
privileged (I), a greater exposure of the skin to
teratogen because of a greater weight of potatoes
to be peeled, compounded by a greater exposure
risk per kilogramme. The greater weight of tubers
results from:
1. greater consumption per head, as seen in

Table III. In 1967 in England and Wales
this excess was 44% (Ministry of Agricul-
ture, Fisheries and Food, 1969).

Factor = 1-44:1
2. less eating out 1 10:1
3. no domestic help 1 10:1
The greater exposure risk per kilogramme of

potato results from:
(a) greater relative time (seconds/gramme)

taken to peel the small tubers which are
less frequently discarded 1 10:1

(b) longer handling per tuber if blighted parts
are excised and the rest is rescued 1 10:1

(c) greater concentration of teratogen, on
average, in tubers peeled, due to a propor-
tion being blighted 1-20:1

(d) greater concentration of teratogen, on
average, in tubers peeled, due to a greater
proportion being 'old' (and, at certain
seasons, much cheaper than new potatoes) 1 05:1

(e) greater concentration of teratogen, on
average, in tubers peeled, due to a greater
proportion being small 1 20:1
Cumulative product if all factors inde-
pendent 3-2 :1
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These figures are no more than plausible guesses
in many cases and are given merely to demonstrate
that there is, so far, no reason to discard a fairly
simple relationship between amount of teratogen
absorbed through the skin and the risk of ASB.
Edwards (1958) and Wilson (1971) found a fourfold
difference in the ASB incidences in occupational
classes V and I in Scotland and Glasgow respectively
and this could be reconciled with the above cumula-
tive factor by a minimum of adjustment of some of
the ratios. In Belfast, Elwood (1970a) found a
threefold difference.
An alternative hypothesis of an oral route for a

potato teratogen can be reconciled, in a similar
manner, with an occupational class factor of three
or four.

TABLE III
POTATO CONSUMPTION IN BRITAIN, 1967, ACCORDING

TO OCCUPATIONAL CLASS

Per Capita
Consumption
of Potatoes

Class (kg/wk)
Al 154
A2 1-63
B 1*99
C 2.07
DI 2-13

All households 1-96

Clas Al, A2, B, C, and Dl correspond very approximately to
the older classes I to V respectively. Data from Ministry of Agricul-
ture, Fisheries and Food (1969).

DIET OF TE MOTER
Pitt and Samson (1961) found a significant (23%)

excess of carbohydrate intake and Richards (1969)
an unbalanced diet in the mothers of ASB infants
compared with controls. No details of potato con-
sumption are published but Richards (1969) found
mothers of anencephalics to be significantly heavier
than controls (the time of weighing being in the first
trimester or previously).

SEASON OF THE YEAR
In several studies in Great Britain (McKeown

and Record, 1951; Edwards, 1958, 1961; Record,
1961; Slater, Watson, and McDonald, 1964; Leck
and Record, 1966; Elwood and MacKenzie, 1971),
a winter excess in the incidence of anencephaly
has been detected, particularly in December.
Spina bifida cystica tends to have maximum inci-
dence in births in February (Guthkelch, 1962). The
difference of nearly two months in the peak time for
anencephaly and that for spina bifida (Guthkelch,
1962; Wilson, 1971) has been plausibly attributed
by Guthkelch to the seven weeks shorter modal
duration of gestation of the anencephalic fetus (see

Laurence et al., 1968) due to the hydramnios that
often accompanies it. The time of injury to the
embryo may well be almost identical in the two
conditions, i.e., in the U.K., maximally in May at
about the third week of gestation. At this time of
year the old potatoes are from main crop or late
varieties. Such varieties tend to be relatively resist-
ant to the blight fungus, otherwise most of the crop
would be blighted before the desired time for lifting
it. Total solanidine levels in such resistant varieties
are comparatively high and, by May, these levels
have risen further on storage, particularly in those
tubers that are partially blighted.
A similar seasonal effect has been reported in

Israel (Halevi, 1967), Iran (Damyanov and Dutz,
1971), Germany (TInte, 1968), Italy (Beolchini and
Bailo, 1965), and Hungary (Czeizel and R6v6sz,
1970). In Alabama, where blight is sometimes
troublesome at least on high ground, the rise in ASB
incidence is curtailed a few months early (Cassady,
1969), possibly reflecting the fact that the need for
winter storage of potatoes in that state is of shorter
duration than in states with longer winters. The
peak incidence, which is not high, occurs in (approxi-
mately) August and represents conceptions in
January with teratogenesis in February. Hungary has
a comparatively long winter and shows a shift of
the peak in the opposite direction: there it is con-
ceptions in June that have the highest risk of ASB.

URBANIZATION
The incidences of ASB in towns are often about

twice those in the surrounding country (Pleydell,
1960; Laurence et al., 1968; Horowitz and Mc-
Donald, 1969), though apparently not in Israel
(Halevi, 1967). The excess might be due to injury
(and delay) inflicted on the tubers during handling
and transportation to the towns. Both injury and
delay increase the total solanidine content. Perhaps
also, the greater availability of other vegetables in
rural areas may diminish the role of the potato in
the rural diet.
The town of Singapore receives its potatoes from

high altitude regions of Malaysia and particularly
from Australia. The length of this transit possibly
affects the quality of the tubers, and those mothers
who handle potatoes might have an extra risk from
the products of infected and secondarily infected
tubers. Among the Sikhs, the per capita consump-
tion of potatoes, though not high, is higher than
that of most other Asian peoples in Singapore and
the number of persons in the household is consider-
able. Searle (1959) found 6f5 anencephalic births
per 1,000 hospital births (8 in 1,230). The corres-
ponding ASB incidence is 1-3% but is likely to be
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even more inflated than other hospital rates be-
cause of the strong pressure for the reservation of
hospital places for mothers with hydramnios or
other abnormality.

MATERNAL AGE AND PARITY
Maternal age and parity are closely correlated

with each other. Penrose (1946), Record and
McKeown (1949), Edwards (1958), Record (1961),
and Fedrick (1970a) have, however, shown an
excess of ASB in the first-born, independently of
maternal age, and this has been confirmed in other
British studies. Except for the first birth, the inci-
dence of ASB certainly rises strikingly with maternal
ages over 30 years. The joint age and parity effects,
as seen in the U.K., are summarized diagrammati-
cally in Figure 8. A simple explanation can be given,
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FIG. 8. Diagram to illustrate the boat-shaped relationship between,
on the one hand, maternal age and child's birth rank jointly, and the
incidence of ASB in Britain, on the other hand. Only approximately
to scale. The remote corner is truncated as a gesture to the reality
that there is a limit to the multiparity of young women.

in terms of the percutaneous teratogen hypothesis,
that depends on the longer time taken to peel the
potatoes that are required to satisfy more and bigger
appetites as the family grows bigger and as ages
(including that of the mother) rise. The excess risk
for the first-born might reflect the fact that the first
child is sometimes (or often) conceived before the
mother leaves the family home. In such cases it is
subjected to the same hazard, whatever that may be,
as the higher parity offspring of the grandmother's
family. Record and McKeown (1949) found an
excess of ASB mothers living with relatives and this

excess is presumably most pronounced among
those of lowest age and parity. Once again, the
ASB risk could be directly proportional to household
appetite and its attendant potato-peeling implica-
tions at the precise time that the embryo is subject
to ASB teratogenesis. In Israel, the primiparity
effect is not found in the younger generation
(Naggan, 1971), but it is quite clear in all age groups
over 25 years. In the Irish Republic, where marriage
is late and the gap between pregnancies is small,
the primiparity effect is marked but other parity
effects are small. Such regional and secular effects
point to social factors rather than physiological
ones, and they can readily be explained on a potato-
teratogen hypothesis such as the above.

RECURRENCE RiSKS iN SnLSPS
The risk of ASB when there is already an affected

sib is several times greater than that for the general
population, as would be expected from a continuing
environmental hazard to that family on a teratogenic
hypothesis (Record and McKeown, 1950b; Smithells,
D'Arcy, and McAllister, 1968). In Britain, this
risk among live and stillbirths averages about 5%
(Williamson, 1965; Carter, Laurence and David,
1966; Lorber, 1965; Laurence, 1969). It rises to
10% after a second ASB sib (Carter and Roberts,
1967). Some striking sibships are described by Dunn
and Salter (1944), Horne (1958), and Mufarrij and
Kilejian (1963). In at least some families, the aggre-
gation may owe something to a genetic or acquired
idiosyncrasy of the mother-perhaps a relative
inability to detoxify a teratogen, or an undue facility
in converting some precursor from potatoes to a
teratogen.

TwiN DATA
There is, moreover, evidence for a low concord-

ance rate for ASB in monozygotic (MZ) twin pairs.
Yen and MacMahon (1968) found none of 30
same-sex co-twins of ASB infants to be affected;
Record and McKeown (1951) found none of 35;
Horowitz and McDonald (1969) found one of 35;
Stevenson et al. (1966, Table 4 4) found one of 15;
Butler and Alberman (1969) found none of 11;
Gittelsohn and Milham (1962, 1965) found 9 of
60, making a total of 11 of 186 same-sex co-twins.
I make the approximation that about two-thirds
of twin pairs are dizygotic (DZ) and are equally
divided between twin-pairs of like sex and those of
unlike sex, hence I estimate that 93 of the 186
like-sex pairs are DZ. The DZ concordance rate is
about 6% (Gittelsohn and Milham, 1965), say
5 6 out of 93. Thus, in the above sample, there may
be 10-8 ASB infants belonging to (5 4) concordant
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MZ pairs (1 1-5-6) and 87-6 to (87-6) discordant
MZ pairs. The risk to the co-twin of an ASB
infant is estimated to be 10-8/98-4 or about 11%.
The proportion of ASB-containing MZ pairs that
are concordant for ASB is 5 4/93 or 5-8%. These
estimates, which correspond closely with those for
DZ twin-pairs, are inconsistent with a major role for
the embryo's genes, at least within an ethnic group.
de Bellefeuille (1969) reaches a similar conclusion
after reviewing case reports-which he acknowledges
to contain a bias, probably towards concordance.
The risk (11%) to any co-twin is higher than to a

non-twin sib (5%), as expected on the potato
teratogen hypothesis. On this hypothesis, the low
value of the risk even for co-twins may be explained
in terms of chemical interactions of such slow
kinetics that chance is a principal determinant of
the outcome. Further, since it is likely that even
MZ twin embryos frequently differ in the rate of
development, the timing of a daily teratogenic
hazard might happen to catch one twin at a critical,
sensitive stage of short duration and to miss the
corresponding stage in the co-twin. The inference on
difference in the rate of development is by extrapo-
lation backwards from a frequent disparity noted
by Fogel, Nitowsky, and Gruenwald (1965) and
others in full-term birthweight. This disparity exceeds
20% three times more often in MZ than in DZ
pairs. Disparity of MZ twins in dead-or-alive
status at birth is also more common (Stem, 1960).
The nature of the origin of MZ twins by splitting
of a single embryo at some early stage into two
parts, often, we must presume, only approximately
equal in the number of cells, certainly gives an
opportunity for disparity between some sets of MZ
twins right from the start.

RACE
The apparent unimportance of relevant genetic

variability within an ethnic or racial group does not
necessarily rule out an importance for such varia-
bility between groups. In fact, American Negroes
have lower incidences than Whites in the same
region despite lower average incomes (Erhardt and
Nelson, 1964; Cassady, 1969). Penrose (1957;
quoting Khan) and Stevenson et al. (1966) show
just the same for the Bantu in South Africa, and
Howie and Phillips (1970) show it for the Maori
in New Zealand. Whether the difference is in the
genetic backgrounds or in the potato customs or
both is not known.
A genetic predisposition to ASB among the Irish

has been invoked to explain Ireland's unique inci-
dence rates. But Naggan and MacMahon (1967)
and Leck (1969) have shown that, outside Ireland,

the ASB incidence among the Irish falls off with
each generation even in the absence of dilution of
the gene pool. It comes to approximate that of
the host population. The same regression or pro-
gression towards the incidence in the host popula-
tion has been noted for Indians and Pakistanis in
Birmingham (Leck, 1969), Puerto Ricans in New
York (Erhardt and Nelson, 1964), and for immigrant
groups in Hawaii (Morton, Chung, and Mi, 1967).
No dogmatic conclusion on race effects can be

reached: the evidence so far suggests that food
customs contribute the variations in incidence.
The contrast in the U.S. between negroid and
caucasoid populations, if it is not due simply to a
Negro preference for the (safer) sweet-potato
Ipomoea batatas or to some other cultural difference,
may conceivably owe something to intergroup
genetic differences.

SECULAR TRENDs
A remarkable epidemic of anencephaly between

the wars with a peak in 1932 was described by
MacMahon and Yen (1971) among births in hospi-
tals in Boston, Mass., and Providence, R.I. (Fig.
9). The declining phase of this epidemic had been
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FIG. 9. Prevalence of anencephaly and spina bifida in hospitals in
Boston, Mass. and Providence, R.I., 1885-1965. Reproduced from
MacMahon and Yen (1971).

noted previously on other North American data by
Gittelsohn and Milham (1962) and Naggan (1969).
The peak incidence reached 5 per 1,000 total
hospital births compared with a base level of
2 per 1,000. The cause of the epidemic is unknown
but it is tempting to attribute it either to the intro-
duction of the new blight-resistant varieties of
potato that had just been produced or to the spread
of central heating to ordinary homes and shops with
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the consequent acceleration of microbial invasion
of potatoes, among other foods. The decline phase
was then initiated either by the institution of the
U.S. blight warning system in 1931, accompanied
by a vigorous spraying programme to control
blight, which the new potato varieties had only
temporarily checked; or to the spread of air-refri-
geration equipment, in homes and shops, which
counteracted the deterioration of food from central
heating. Many other interpretations consistent with
the potato teratogen hypothesis could be devised,
involving the soup-kitchens with their potato base,
for example, but the only purpose of mentioning
them is to show that the epidemic does not consti-
tute evidence against the hypothesis. The decline
of ASB incidence is continuing (Ingalls and Kling-
berg, 1965), perhaps because of improved control
of blight, or because of the shift of potato cultiva-
tion away from the blight areas of the east to the
relatively blight-free areas further west, or because
of the steady fall in potato consumption (Fig. 10).
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FIP. 10. Potato consumption per capita in the United States, 1910-
60, modified from Stefferud (1959).

Starting at about the same time after the first war,
there was a less dramatic increase in ASB incidence
in Britain, as noted by Record and McKeown
(1949) and Rogers and Morris (1971). The intro-
duction of Majestic as a blight-resistant and wart-
resistant variety during and particularly after that
war coincides roughly with the rise in ASB from
1918 to the year 1928, when a plateau rate was
reached which has lasted with some fluctuations
until the present. (The decline phases in the British
spina bifida mortality data reflect improvements
in therapy, not changes in incidence-sulphona-
mides from about 1942, penicillin from about 1946,
various surgical repairs from about 1956 (see Leck,
1966).) As shown in Fig. 11, there has been no
marked decline in potato consumption per head

and there has been no consistent decline in ASB
incidence. A blight warning system has been in
operation in Britain since 1950 but it is only since
1958, by which time nearly 70% of the Fens crop
was being sprayed, that a real improvement in the
blight situation has been observed and some of that
might be attributed to weather conditions. Whatever
the cause of that improvement, there seems to be a
concomitant improvement in the ASB incidence in at
least two of the towns that receive most of their
supplies from the Fens area-Birmingham (Leck
and Rogers, 1967) and Leicester (Moss, 1964).
The 1939 war seems to have started in the middle

of a period of above-average ASB incidence in the
British Isles (Leck and Rogers, 1967), such as
might reflect a short run of blight years (not yet
verified). A further rise in ASB incidence would
have been expected to follow the war-time rise in
potato consumption (see Fig. 11) but, instead, there
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Flo. 11. Per capita consumption of potatoes (kglwk) in Britain
1939-58. Also the incidence of anencephalic stillbirths by year of
teratogenic insult. The lack of positive correlation is discused in the
text. After Record (1961) and Ministry of Food (1951) and Ministry
of Agriculture, Fisheries and Food (1957, 1969).

was, if anything, a slight but sustained fall even in
neutralist Dublin in 1942. The zoning policies of
governments and the shortage of fuel for transport
no doubt reduced the movement of potatoes and
perhaps therefore their deterioration in transit that
was discussed on page 76. Household and shop
temperatures were lower and the preservation of
potatoes may thereby have been improved further.
Both these factors ceased to operate in Dublin
soon after the war and, indeed, the ASB rates there
rose in 1946-47, several years before they rose in
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the rest of the British Isles (Fig. 11). Potato harvests
were good during the war so there was little shortage
(except in 1940-41 due to the loss of the Channel
Islands and their early crops). Blemished tubers
could therefore be discarded, the more so as they
would not be suitable for boiling in their skins-a
custom much encouraged during the war. At this
late date it may not be possible to achieve a defini-
tive interpretation of ASB incidences in the war
years, when so many factors were changed. However,
those solanines that are found in abundance in the
skin of healthy tubers and which must therefore
have been consumed in quantity during the war are
shown by the lack of a war-time epidemic of ASB
to be unlikely as contenders for the oral terato-
genic role. The evidence points rather to a teratogen
that is present preponderantly in diseased or da-
maged tubers. It may or may not be a member of
the steroid alkaloid group of compounds.

There was a brief but dramatic epidemic of ASB
in Berlin and Leipzig in the post-war years, 1946-
50 (see Fig. 12 and Gesenius, 1952; Canzler et al.,
1969). Normally, more than half of Germany's
potatoes are for animal fodder or industry. The
varieties so used (Ackersegen being the predominant
one) contain high concentrations of solanines
(Lepper, 1949). It seems possible that, in the post-
war famine, many of these potatoes reached human
consumption and were in poor condition when they
did so. On the present hypothesis, the imperfect
ones contributed to the ASB epidemic. Conditions
in parts of Naples were not much better at that time
and Candido's high figure of 4 anencephalics per
1,000 hospital births in 1943-1951 (B66k and Frac-
caro, 1956) perhaps reflects an epidemic comparable
to that in Berlin.
No other epidemic of these magnitudes has yet

Fio. 12. Prevalence of anencephaly and spina
. . bifida among hospital births in Berlin and en.

1945 1950 virons, 1911-50. After Gesenius (1952).

been described in any part of the world, but, in
nearly all high-frequency areas, there are marked
year by year variations in incidence. It would be
important to relate these to the severity of blight
which varies markedly from year to year because
of weather and other factors. The summarized
annual figures are usually imperfect for this purpose
because the majority of blight records concern the
date of 75% destruction of the haulm which is only
an imperfect indicator of the percentage of tubers
that are blighted. More importantly, since the peak
of ASB incidence is near the year-end in the nor-
thern hemisphere, a high peak will be partly re-
flected in both the old and the new year. The usual
yearly anencephaly figures thus include the tail of
one winter's peak (January-April) and the long lead
up to the next winter's peak and often the peak
itself (September-December). On the present
hypothesis, these two parts relate to the potato-
growing conditions of separate years. If we take
into account all factors, the effect of a blight year
on anencephaly numbers will be evident mainly in
the births of the following year with a variable
degree of overlap into the year after that. For
spina bifida, with a seven-week longer gestation
time (normal), the effect will be more marked in the
later year (two years after the blight attack).
Record (1961) gives the incidence for anencephaly

in Scotland according to the year in which the mal-
formation was initiated. Cox and Large (1960,
Table 21) give blight severity (moderate, slight,
negligible) for part of the same period. There is a
good correlation between the blight score for west
Scotland (where most of the births occur) and the
incidence of anencephaly that was initiated among
infants in Scotland in the following year (Fig. 13).
Partly blighted potatoes, with consequently high
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Fso. 13. Incidence of anencephalic stillbirths per 1,000 total births
in Scotiand, according to year of presumed teratogenic insult (SE
0-1S 0-18 per 1,000). This correlates weli with the severity of blight
in the preceding year. Blight has been scored for the most populous
region-the west-in three grades, moderate, slight, and negligible,
After Fig. 7 of Record (1961). Mean after moderate blight 3-0; slight,
2-8; negligible 2-4 per 1,000.

fungitoxic levels (Locci and Kuc, 1967), are the most
likely agents of this correlation. The month of peak
teratogen consumption following blight will tend
to be unpredictable because, although the proportion
of tubers that are blighted will decline through the
winter due to their poor keeping qualities, the con-
centration of teratogen in all tubers will increase
with time in storage.
Moss (1964) gives the number of anencephaly

births by year of conception for Leicester, England
and notes peaks in 1955 and 1957. As illustrated in
Fig. 14, both peaks occurred one year after a blight
year had been officially so designated in the nearby
potato-growing Fens. The dip between the peaks
followed a non-blight year, 1955. The decline in
incidence of ASB since 1957 in that study hopefully
reflects the success of a vigorous spraying pro-
gramme, nearly 80% of crops in the Fens being
sprayed by 1961. The year 1960 was a blight year
(for unsprayed crops) but, despite this, there was a
slight fall in ASB incidence in 1961 conceptions so
the correlation is not complete. Perhaps spraying
had controlled the tuber infection rate: certainly,
the infection of the tubers can be very variable
even from field to field.

Other hints that a year-to-year variation reflects
blight attack are found in the data of several papers
but interpretation is more uncertain because the
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Mean no. anencephalic births 10-3, SE 1-6
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Flo. 14. Numbers of anencephalic births (live and still) in Leiceste'd
1952-62, by year of conception. Severity of blight on unsprayei5
potato crop in year preceding conception in near-by Fen district lyalso indicated and there is some correlation. The correlation is partalobscured by the downward trend in all three categories of yean(severe, moderate, and slight blight) but it shows clearly in the me
numbers of anencephalic births, 13-5, 103, 7-8, in these three cate-
gories respectively. The trend in anencephaly number, with little
change in total number of births, perhaps refects the efficacy of the
anti-bliht spraying which increased from about 65e/. to about 80%
over this period. Data of Moss (1964) and Cox and Large (1960),
supplemented by Dr. F. J. Moore.

data are given by year of ASB birth rather than year
of conception or of teratogenic insult. The ASB
birth may be either one or, particularly for spina
bifida, two years after the blight attack. The paper
of Ward and Irvine (1961) gives data on anence-
phalic still-births in the city of Exeter. Many of
these should fall in the same year as the teratogen
was effective, i.e., one year after the blight attack.
There is a good fit to this expectation. The blight
data were made available to me by Dr. F. J. Moore
of the Plant Pathology Laboratory of the Ministry
of Agriculture, Fisheries and Food, Harpenden,
U.K. (see foot of page).

SEX RATIO
In all ASB data, there is a marked excess of

females (the male: female sex ratio is 1:2-3 for anen-
cephaly and 1:1 -2 for spina bifida cystica) (Mac.
Mahon, Pugh, and Ingalls, 1953). The disparity
between the sexes is more marked in younger
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Year of stillbirth in Exeter: Ward, Irvine (1961) 1954 1955 1956 1957 1958 1959 1960 Total
No. ofanecephallcstillbirths 8 6 0 3 4 4 0 25
Blight severe inyear previous to birth Yea Yes No Yes Yes Yes No
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mothers (MacMahon and McKeown, 1952). There
are apparently geographical variations in it, too
(Stocks, 1970), the sex disparity appearing greatest
in regions of high incidence.

Mittwoch, Delhanty, and Beck (1969) have de-
monstrated a sex differential in the rate of develop-
ment of mammalian embryos even in early stages,
at least in the gonads. It is, therefore, not too difficult
to conceive of an excess in females in the duration
of a window of susceptibility to some teratogen.
Further, this excess could be greater for anen-
cephaly than for spina bifida, thus permitting
differences in the sex ratio in the two conditions
(Hay, 1970). Sex-ratio data need not, therefore,
offer a stumbling block to the present group of
hypotheses. But we are so far from understanding
them that they are unlikely to assist in the identifi-
cation of the teratogenic agent.

SoFTNEss oP WATE
A correlation has been claimed in the United

Kingdom between softness of regional water supplies
and the regional ASB incidence (Fedrick, 1970b;
Lowe, Roberts, and Lloyd, 1971). There is also a
correlation in the United Kingdom between water
softness and rainfall (geological factors having a
major influence on both), so the soft water effect
may, therefore, be only a very indirect one through
successive intermediate stages of geology, rainfall,
and potato pathology. Moreover, within Glasgow.
supplied from a single soft-water source, there are
large variations in ASB incidence in different
areas of the city (Wilson, 1971). Fielding and Smith-
ells (1971) also refute the generality of the associa-
tion: Liverpool has softer water than two neigh-
bouring towns but has lower ASB rates. Further,
the artificial softening of St. Helens water seems to
have had no influence on ASB rates.

COMMENT
So far, the available data can all be reconciled

in a general way with a role for blight in the patho-
genesis of ASB. In particular, correlations have
been demonstrated in geographical distributions
and year-to-year secular distributions of incidences.
The potato is clearly an intermediate agent between
blight and ASB and it introduces variations such
as those inper capita consumption by nation, region,
class, race, year, and season. The plant-breeder
has introduced, through new potato varieties, the
variables of blight-resistance and inducibility of
phytoalexins. The farmer has introduced the vari-
ables of early, mid-season, and late cropping, and of
divergent anti-blight measures. The general course
of history has determined the spread of the fungus,

most recently to Chile, for example, and has deter-
mined the human migrations, wars, famines, and
food customs. The weather has dominated all
components-fungus, potato, and man-through
alternating clemency and inclemency. It is hardly
surprising that several writers have despaired of
finding a final common path for all these influences,
when only one indicator is available for study-
the incidence of ASB.
Even now, though the potato carries the mark of

all these influences imprinted on its size, number,
and chemical constitution, the route by which it
transmits this mark to the expectant mother-
the next part of the aetiological pathway-is still,
to some extent, in doubt.

RoumE OF AccEss OF THE TERATOGEN
PERCUTANEOUS RouTE
So far, some evidence has been given in terms of

the percutaneous route for the teratogen. Such a
route comes near to explaining the lack of wartime
epidemics (Figs. 11 and 12) in Britain (MacMahon,
Record, and McKeown, 1951) or Germany (Gesen-
ius, 1952) because the reduction of household size
and the reduction in the proportion of potatoes that
were peeled compensated to a large extent for the
increase in potato consumption per head and left
the scale of the potato-peeling for the expectant
mother relatively unchanged. It also provides a
coherent explanation for the complex maternal
age and parity effects and their variability from
place to place. Again the explanation is in terms of
the aggregate household appetite for potatoes and
the consequent degree of exposure of the expectant
mother's hands to potato peel (or to the peeled
potato, or to the water in which the unpeeled
potatoes are immersed). Some steroids are slowly
absorbed through the intact human skin (Rook,
Wilkinson and Ebling, 1968). One of the steroid
alkaloids-even x-solanine or x-chaconine--could
fit most of the data if it is absorbable by this route.
A prediction appropriate to the percutaneous

route would be, however, that there would be an
extra hazard to those women who, in season, pick
potatoes in the field and to those women who work
in the declining occupation of potato-peeling for
restaurants and hotels which is now increasingly
relegated to machines. McDonald (1958) found that
the work of only one of the 16 mothers of ASB
infants was in a canteen (and did not necessarily
involve potato-peeling). Record and McKeown
(1949) also found no excess of women in such occu-
pations. Perhaps there are relevant ways in which
the commercial operation of potato-peeling differed
from the domestic, even before machine-peeling
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became the rule, but I am assured that gloves are
too little worn to explain the lack of major occupa-
tional hazard. There are several precedents for
occupational hazards to be missed but, despite
this, the absence of any known scientific report or
even folk-lore on the hazard, before the arrival of
peeling machines, undoubtedly counts against the
percutaneous route and compels us to consider other
routes.

INHALATION ROUTE
The route by inhalation may be briefly considered.

The scraping of potatoes produces a spray and some
of the droplets, small enough to constitute an aero-
sol, no doubt reach the lung so that any toxins dis-
solved in them have an opportunity to be absorbed.
This route provides a mechanism for the risk to be
proportional to the aggregate household appetite and
therefore explains the age and parity effects and the
lack of wartime epidemics. The latter is further
explained in terms of the custom of eating potatoes
in their jackets that was encouraged during the war.
The operation of scraping would be thereby di-
minished. A small survey of mothers of ASB
offspring is planned to compare their predilections
for scraping with those of a control group. This
would allow an assessment of this route but it is
not expected that the assessment will be favourable.
(See Addendum.)

ORAL RouTE
At first sight, the risk from the ingestion of a

teratogen in potatoes would be expected to be
dependent mainly on the appetite of the individual
for potatoes but, under certain conditions, the
risk for the housewife mother could be dependent
instead upon the aggregate appetite of the house-
hold as is required here. One necessary condition
would be that the teratogen be present in quantity
in only a minority of tubers so that the chance of
any particular boiling containing at least one such
tuber would be roughly proportional to the number
of tubers in the boiling. It would further be neces-
sary for the teratogen of that tuber to be shared
among the members of the household and for that
share to be sufficient to initiate the malformation
in a manner dependent merely on timing factors and
(within limits) not on dose. The mashing of potatoes
is common in this country for old potatoes and
provides the required sharing mechanism. An
adequate sharing of the teratogen could also occur
when the potatoes are eaten unmashed, provided
that the solubility and other properties of the tera-
togen are such as to permit its diffusion through all
the tubers in the pan during boiling. None of

these conditions for the oral route to generate a
risk proportional to household appetite seems to
be unduly restrictive. If it is the true route, the
complex age and parity effects, the class effect, and
the lack of major wartime epidemics (Figs. 11 and
12) can therefore be adequately accommodated.
In fact, since no occupational hazard is expected,
the route fits all the known data, by arguments
similar to those deployed in discussing the percu-
taneous route in the earlier parts of this paper.
The hypothesis may now be stated fairly precisely:

that we may in principle prevent the great majority
of occurrences of anencephaly and spina bifida
cystica (among other unspecified conditions) by
denying access of potato teratogen to the poten-
tially pregnant woman. The teratogen is believed
to be in above-average concentration in certain
varieties of potato, particularly in overwintered
tubers that are partially blighted or injured. The
route by which the teratogen is absorbed is not
yet known, nor is its chemical nature. The route by
ingestion is the most likely one at the moment and,
if so, the teratogen, probably a phytoalexin, may
be a steroid alkaloid but one that occurs in few
tubers (unlike a-solanine and a-chaconine which are
more pervasive than this). It may, however, be
rishitin or phytuberin or an unknown compound.
Whatever it is must be largely resistant to boiling-
a deduction applicable to this route only.

TESTNG THE HYPOTHESIS
As mentioned in the introduction, the marmoset

embryo is now known to be a practical analogue of
the human embryo. For the first time in this prob-
lem, we can therefore begin to envisage a transition
from epidemiology through excogitation to experi-
mentation and eventual exploitation.
A proportion of the information used above will

no doubt prove to be misleading. Further, retrieval
of information from the literature, though more
extensive than the reference list might imply, is
certainly not complete. Nevertheless, perhaps the
argument that has been built up is sufficient to
justify some reasonable preventive tests in man and
experiments with marmosets. Some of the latter
are now in progress at the hands of Professor D.
E. Poswillo. It will probably be necessary later to
transfer most of the work to a smaller mammal for
chemical identification of the teratogen.

INTERIM MEASURES
Until the route is more definitely established, a

detailed discussion of preventive measures would
be premature. Certain points seem, however, to be
worth a mention even at this early stage.
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It would seem appropriate for anti-blight mea-

sures to be intensified yet further, the more so

because they seem already to have demonstrated
their efficacy in reducing ASB incidences in recent

years, in Leicester, for example (Moss, 1964).
Regulations already restrict the sale for human

consumption of blemished potatoes. Perhaps their
efficacy could be reviewed as it is common experience
that many imperfect tubers do reach the market.
Tuber damage during harvesting could presumably
be reduced by slower tractor speeds.

Potentially pregnant women, as well as taking
care to discard imperfect tubers, might further
reduce the small risk of an ASB malformation by
boiling their own potatoes in a small pan separately
from those of the rest of the household. Those
women who have undue risk from having already
borne such a child could, of course, reduce that
risk to any desired figure by reducing their exposure

to potatoes to the appropriate extent.

FUrHER CONSIDERATIONS
The problem of prevention of ASB has taken

on a new urgency in the present decade since it
became possible through surgery to keep alive, at
least for a time, about 80% of babies born alive
with spina bifida cystica, although perhaps not
more than 36% are still alive at age 3 (Lorber,
1968). Even if selection for surgery is restricted to
non-paralysed patients, only a proportion will
lead a normal life (Knox, 1967), the others being
educationally subnormal, unable to walk or incon-
tinent (Wilson, 1970), so the ethical problems posed
to the paediatrician by the option of surgery are

onerous indeed. Prevention is clearly the best way

of tackling this problem. Anencephaly is, by com-

parison, a small burden to the community and to
the family but it should respond to the same pre-

ventive action.
The ASB effect on viable fetuses is only a fraction

of the total fetal damage from this presumed tera-
togen. Nishimura et al. (1966) found a severalfold
higher incidence of ASB among the products of
induced abortion than at term. Further, some mal-
formations recorded as hydrocephaly are likely to
have the same or similar origin, for the hydroce-
phaly class as a whole shares many epidemiological
features with ASB. Edwards (1961) noted a seasonal
peak incidence in December for exomphalos and,
although he did not claim formal significance for
this effect, he renmarked cogently on the co-existence
of this abnormality with ASB (Coffey and Jessop,
1957; see also Smithells, Chinn, and Franklin,
1964; Smithells and Chinn, 1965). Even if the sea-

sonal effect had been definitely established for

exomphalos, it would not be easy to decide whether
to propose that exomphalos results from a different
teratogen from the same source or to propose that it
reflects a divergent effect of the one chemical
agent. If the latter were to be favoured, the difference
in outcome would presumably be attributed to a
difference of timing or dose or other incidental
circumstance.

Indeed, the same question exists even for the two
abnormalities that have been lumped together, for
convenience, as ASB. Sibship and co-twin data and
data on the frequency of co-existence of anencephaly
and spina bifida cystica (Book and Rayner, 1950)
in various circumstances might all be relevant in
discriminating between the one and two teratogen
alternatives. At present there is no obvious need
to postulate more than one but discussion of this
would not be appropriate here. As with thalidomide,
it may be that even as small a dose as 16 mg/kg of a
single teratogen might be 100% effective when
given at the right time (Barrow, Steffek and King,
1969).
In the light of the finding by Stocks (1970) of

high correlations in geographical space between
ASB incidence and the mortality from various
adult diseases, particularly cardiovascular diseases,
it is suggested that the same potato toxin or a
related one requires study on a broad front. Stocks
found no correlation between adult disease and
any other group of malformations.

SUMMARY
A correlation in geographical space has been

found in published material between the average
severity of late-blight (Phytophthora infestans)
attack of potatoes and the incidence of anencephaly
and spina bifida cystica in man. A correlation is
also found between the incidence of these malfor-
mations and the blight severity in the year prior to
that in which the teratogenic insult occurs. Other
epidemiological data suggest that these correlations
reflect a teratogenic action of a substance in potato
tubers that has a much-above-average concentra-
tion in a minority of tubers, particularly blighted
ones from certain potato varieties after winter
storage. Absorption of teratogen is probably, but
not certainly, from ingestion. If the proportion of
rogue tubers is small, the risk would be roughly
proportional to the number of potatoes in the pan
and therefore proportional to the aggregate appetite
of the members of the household. This would be
in accord with the influences of age and parity.

I thank the library staffs at the London School of
Hygiene and Tropical Medicine and elsewhere for their
skilled assistance.
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ADDENDUM

Professor L. S. Penrose kindly introduced me to
several women, each of whom has given birth to
two or more ASB children. Two (out of nine) have
hardly ever scraped a potato in their lives and none
of the remainder pursued scraping beyond the time
in the summer when it becomes tedious. The inhala-
tion of microdroplets, if it contributes at all, is
certainly not the only route, therefore. So far,
however, the inhalation of a steam distillate con-
taining a potential teratogen has not been ruled out.
As Dr. W. E. Ormerod has reminded me, the steam

distillation of relatively volatile compounds, such
as rishitin, may occur during the cooking of potatoes.
If the potential teratogen can be so volatilized, its
inhalation by the housewife, particularly in a small
or ill-ventilated kitchen, would provide a route of
absorption, without the compound's being subject
in full to the detoxifying processes in the alimentary
tract and liver. The present epidemiological data
do not discriminate adequately between the various
possible routes.
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